Postaxial polydactyly is characterised by fifth digit duplications in hands and/or feet. Two phenotypic varieties have been described. In type A, the extra digit is well formed and articulates with the fifth or an extra metacarpal. A rudimentary extra fifth digit characterises type B. Mutations in the GLI3 gene are associated with postaxial polydactyly in some families and a second locus has been identified on chromosome 13 but the majority of cases remain unexplained. We report here a third locus for postaxial polydactyly on chromosome 19p13.1-13.2 in a large Chinese kindred with a combination of type A and B. Two-point linkage analysis showed the highest LOD score (Z max = 5.85 at y = 0 cM) at marker D19S221. Recombination events with markers D19S1165 and D19S929 define the critical region for this postaxial polydactyly locus to a region of 4.3 cM on the genetic map.
Introduction
Postaxial polydactyly (PAP) is a frequent congenital hand malformation characterized by fifth digit duplications in hands and/or feet. The prevalence estimates range from 1/630 to 1/3300 in Caucasians and from 1/100 to 1/300 in Blacks. 1 Two phenotypic varieties have been described, in type A (PAP-A); the extra digit is well formed and articulates with the fifth or an extra metacarpal. Type B (PAP-B) is characterised by a rudimentary extra fifth digit (pedunculated postminimus) and is usually represented by an extra skin tag. Estimates for the penetrance values for PAP-A vary between 63 and 100% and for PAP-B around 48%. 2, 3, 4 PAP can segregate as an autosomal dominant or recessive trait, and is often observed in association with other syndromes. 5 ± 10 Partial cutaneous syndactyly of the 4th and 5th digit is often seen in combination with PAP. Genetic studies on families with isolated PAP have revealed at least two autosomal dominant loci responsible for the phenotype.
In a large Indian kindred with PAP-A with complete penetrance, Radhakrishna et al. and it has been suggested that a single gene might be responsible for both types of polydactyly. 13 ± 16 Recently this suggestion was confirmed by the finding that mutations in GLI3 are associated with PAP-A and B within a single family. 17 In this study we describe a large kindred from the northern part of China, with a combination of autosomal dominant PAP-A and B with incomplete penetrance. Linkage of the phenotype to chromosomes 7 and 13q could be excluded. Subsequently a genome wide search with highly informative polymorphic markers was performed and strong evidence for linkage was found on chromosome 19p. Our findings demonstrate further genetic heterogeneity for PAP and this third locus shows clinical variation in that both PAP-A and B are observed in members from a single family.
Material and methods
The study was approved by the authorities of Peking Union Medical College and the Medical Ethical Committee of the Erasmus University Rotterdam. All blood samples were collected with signed informed consent (written in Chinese) stating the subsequent use of their blood samples for scientific research use only.
A large six generation kindred was ascertained from the province of Hebei in the northern part of China, with a combination of autosomal-dominant PAP-A and B with incomplete penetrance (Figure 1) . 18 Consanguinity was not observed within the pedigree. Blood samples were collected from 36 individuals, with seven affected males and 10 affected females with PAP-A and/or B. Clinical diagnosis was based on observation by one of us, or on family history, because surgical corrections were performed on most patients shortly after birth. Physical examinations of the patients No additional symptoms were detected and none of the patients had a history of cardiac and/or renal disease. Genomic DNA was isolated from peripheral blood by a simple salting out protocol. 19 Microsatellite markers from the CHLC/Weber Human Screening Set V5 (n = 363) or obtained from the Genome database (n = 6) were tested essentially as described by Weber and May. 20 The genome screen was performed on 28 DNA samples. LOD scores were calculated using the MLINK and LINKMAP programs of the LINKAGE package (version 5.1). 21 PAP was assumed to be an autosomal dominant disease with a gene frequency of 0.001 and a penetrance value of 95%. The phenocopy rate was set at zero. The mutation rate was set at zero and equal recombination rates between males and females were assumed. Because of the lack of data on marker allele frequencies from the Chinese population, marker allele frequencies were calculated from independent individuals from the PAP family. Calculation of pairwise LOD scores with equal allele frequencies did not substantially alter results (510% 
Results and discussion
Clinical data were available from 16 affected individuals (Table 1) . Most affected individuals showed well developed and functional extra postaxial digits on hands and/or feet, but the expression of the phenotype is variable ( Figure 2) ; all affected individuals show PAP-A of the feet; fourteen individuals bilateral and two individuals unilateral. Foot Xrays were available for individual V-6 (Figure 2d) .
Seven affected individuals showed polydactyly on the hands as well. Four of them showed PAP-A on both hands. One individual had PAP-B on both hands and two individuals presented with PAP-A on one hand and PAP-B on the other hand (Table 1) . No syndactyly of hand or feet and no other associated anomalies were observed in this family. One female individual has a normal phenotype but her two daughters are affected, demonstrating that she most likely is an obligate carrier. X rays for her were not available.
For our linkage studies we initially tested markers from chromosome 7p and 13q where two other PAP loci have been mapped but found significant negative LOD scores for all markers studied (data not shown). We then set out to perform a genome wide screen with highly polymorphic markers. We found significant positive LOD scores for markers on chromosome 19p ( Table 2 ). The highest LOD score was obtained with D19S221 (Z max = 5.85 at y = 0 cM). Significant positive LOD scores were obtained for no other marker . This is the third PAP locus and we propose to call it PAP3.
Haplotype analysis of chromosome 19 markers using the marker order from the CHLC marker map or the Marshmed marker map caused several double recombination events in individuals from the pedigree indicating that the marker order might be incorrect. These double recombination events were not observed if markers were ordered according to the data from the Human Genome draft sequence. Therefore the marker order from the Human Genome draft sequence was used for haplotype analysis: D19S583 ± D19S394 ± D19S584 ± D19S1165 ± D19S221 ± D19S558 ± D19S840 ± D19S226 ± D19S929 ± D19S252.
We found a common haplotype for all patients for markers D19S221, D19S558, D19S840 and D19S226, listed from the telomeric to the centromic side (Figure 1) . The first recombination event on the telomeric side is found between marker D19S221 and D19S1165 (individual IV-15). On the centromeric side the first recombination event is observed between marker D19S226 and D19S929 (individual V-10). Therefore the critical region for PAP3 is located between markers D19S1165 and D19S929, a region of 4.3 cM on the genetic map or about 2.5 Mb on the physical map. On the cytogenetic map this region is located at chromosome bands 19p13.2 ± 13.1. Unaffected individual V-1 could reduce this region due to a recombination event between marker D19S840 and D19S226 however because the uncertainty of the penetrance for PAP it is not clear if this person is a noncarrier or a case of non-penetrance. Figure 1 Hands The critical region for PAP3 harbours around 60 known genes. Most of the genes are housekeeping genes that have a variety of functions in cells. It also contains a number of interesting candidate genes. A cluster of zinc fingers containing genes are present in the region which can be considered candidate genes for PAP because zinc finger containing genes often act as transcription factors and several developmental disorders are associated with mutations in transcription factors. For example, GLI3, the gene associated with Greig syndrome, preaxial polydactyly type IV and PAP-A/B is a zinc finger containing gene of the Kruppel family. Therefore the Kruppel like factor 1 (KLF1) and the gonadotropin inducible transcription repressor-2 (GIOT-2) were considered strong candidate genes. The epithelial growth factor domains containing EMR2 protein has structural features characteristic of extracellular matrix proteins and transmembrane proteins suggesting that it is a receptor involved in both cell adhesion and signaling and was therefore also considered a candidate gene. 22 However, no mutations were identified in patients in the coding sequences plus intron-exon boundaries of these genes. There are several other zinc finger genes such as KIAA1198 and KIAA0973 mapped in this area. Although their function and expression pattern is poorly characterized they might also be considered candidate genes.
The homologous region in mouse of this part of human chromosome 19 is located on chromosome 8. We have searched the Mouse Genome Database for mouse limb phenotypes that could serve as model systems. Interestingly, the mouse oligosyndactylism (Os) has been localized in this region. Although in our family no syndactyly was observed, cutaneous syndactyly is not uncommon in polydactyly families. The mouse mutation is X-ray induced, which often results in large genomic deletions. It is possible that much milder mutation would cause PAP. Positional cloning of either the gene responsible for human PAP3 or the mouse Os phenotype will clarify this.
